Shikonin (SHK) has various biological and pharmacological activities, including anticancer, antibacterial and anti-inflammation activities. However, the protective effects and mechanism of SHK on lipopolysaccharide (LPS) and D-galactosamine (D-GalN) induced acute liver injury remain unclear. In this study, LPS/D-GalN caused acute liver injury by intraperitoneal injection. SHK was administrated for 1 h. Then, LPS/D-GalN was given to C57BL/6 mice for 3 h. Our results showed that SHK treatment distinctly decreased serum TNF-a, IL-1b, IL-6 and IFN-g inflammatory cytokine production, reduced serum ALT, AST, hepatic MPO and ROS production levels, and tissue histology harmful effects, inhibited JNK1/2, ERK1/2, p38 and NFkB (p65) phosphorylation, and suppressed IkBa phosphorylation and degradation. Furthermore, our research showed that SHK could dramatically increase SOD and GSH production, as well as reduce ROS production, through up-regulating the protein expression of HO-1, Nqo1, Gclc and Gclm, which was related to the induction of Nrf2 nuclear translocation. These results showed that SHK exerted antiinflammatory activity, which was associated to the inhibition of inflammatory production via downregulation of the MAPK and NF-kB signaling pathways, and anti-oxidative effects were connected with GSH and SOD activation through up-regulation of the Nrf2/HO-1 signaling pathways.
Introduction
Acute liver injury is regarded as severe and life-threatening and can lead to awful hemorrhagic necrosis and hepatocellular death.
1 It is also a devastating syndrome that is characterized by a high rate of mortality.
2 Although the treatment strategies of acute liver injury have been comprehensively studied, there is still no appropriate therapy for it.
3,4 Lipopolysaccharides (LPS) are the main membrane component of Gram-negative bacteria, and have been reported to play critical roles in the activity of endotoxins. 5 The capacity of D-GalN could enlarge liver injury induced by LPS in a moment. 6 LPS and D-GalN-induced acute liver injury in mice is similar to the pathological process of human liver damage and has been widely considered as a representative experimental model. 7 LPS and D-GalN could induce various inammatory responses which result in release of inammatory mediators such as TNF-a, IL-1b, IL-6, and IFNg. 8 Massive evidence have revealed that inammatory mediators are activated by nuclear factor-kappa B (NF-kB) and three mitogen-activated protein kinase (MAPK) pathways, including the c-Jun NH 2 -terminal kinase (JNK), extracellular signalregulated kinase (ERK), and p38 pathways overexpression.
9,10
These inammatory cytokines also can lead to the apoptosis of hepatocytes and liver failure. 11 The features of hepatitis are mainly associated with the release of inammatory cytokines, the elevation of aspartate aminotransferase (AST) and alanine aminotransferase (ALT), and hepatocyte necrosis. Although many treatment manners are currently used in the clinic, the therapeutic effect is not ideal. Therefore, safe and effective treatments need to be explored.
Nuclear factor erythroid-2-related factor 2 (Nrf2) is a redox sensitive transcription factor, and it plays a critical role in regulating cellular defenses against endogenous or exogenous stresses by enhancing the expression of various anagotoxic and antioxidant genes, such as heme oxygenase 1 (HO-1). 12 Due to the discovery of cytoprotective properties, HO-1 has gained comprehensive attention. HO-1 and its enzymatic metabolites can protect bodies against oxidative damage. 13, 14 In recent studies, HO-1 has been reported to be a novel enzyme with potent antioxidant, anti-inammatory, and anti-proliferative effects. a prospective target for treating liver diseases. 18 Recent reports suggest that LPS can enhance the development of reactive oxygen species (ROS) and extensively be applied to inducing pharmacological research models of ALI as inammatory mediators.
19
ROS is connected with the metabolism of cells and various oxidative stress diseases. 20 High concentrations of ROS may create cells damage and are related to a series of adverse result for cell, such as inammation, apoptosis, necrosis, and cancer diseases. 21 Interestingly, low concentration of ROS can produce protective enzymes and endogenous antioxidants that regulate the balance of intracellular homeostasis in mammalian cells.
22
Previous studies reported that Nrf2 is reliable for modulating the antioxidant response element (ARE)-driven expression of antioxidant enzymes, which results in the induction of many cytoprotective proteins, such as HO-1, NAD(P)H:quinone oxidoreductase 1 (Nqo1), and glutamate-cysteine ligase, catalytic (Gclc) and glutamate-cysteine ligase, modier (Gclm).
23,24
Shikonin (SHK), a natural crystalline powder extracted from the roots of Lithospermum erythrorhizon, has many pharmacological effects, including anticancer, anti-inammatory, and antibacterial functions. 25 Recently, SHK has been reported to play an important role in regulating the processes of inam-mation and exerting strong anti-inammatory effects. Lee and colleagues found that SHK could effectively suppress allergic airway inammation in a model of asthma and inhibit bone marrow-derived dendritic cell (BM-DC) maturation in vitro.
26
SHK exerted anti-oxidative effects via Unique Modulation of the Nrf2/ARE Pathway by Induced HL-60 Cell Differentiation, as described by Bo Zhang and colleagues. 27 Xiong et al. also found that SHK could decrease the release of pro-inammatory cytokines in cerulein-induced acute pancreatitis in mice model.
28
However, the mechanism of action of SHK in a model of LPS/DGalN-induced acute liver injury remains unclear.
Materials and methods

Materials
Shikonin (purity $ 98%) was purchased from the Chengdu Pufei De Biotech co., Ltd (Chengdu, China). Dimethylsulfoxide (DMSO), LPS (Escherichia coli lipopolysaccharide, 055:B5) were purchased from Sigma-Aldrich (St. Louis, MO, USA). We purchased D-galactosamine hydrochloride from Aladdin Industrial Corporation (Shanghai, China). Aspartate aminotransferase (AST), alanine aminotransferase (ALT) superoxide dismutase (SOD), reduced glutathione (GSH), MPO (myeloperoxidase) detection kits were provided by the Jiancheng Bioengineering Institute of Nanjing (Nanjing, Jiangsu, China). Mouse TNF-a, IL-1b, INF-g and IL-6 enzyme-linked immunosorbent assay (ELISA) kits were provided by BioLegend (CA, USA). Mouse reactive oxygen species (ROS) ELISA kit was provided by HoraBio Biological Technology co., LTD (Shanghai, China). Antibodies against Gclc, Gclm, Nqo1, p-(ERK1/2), ERK1/2, p-(JNK1/ 2), JNK1/2, p-p38, p38, IkB, p-IkB, and p-P65 were purchased from Cell signal technology (Boston, MA, USA). Anti-HO-1 and anti-Nrf2 monoclonal antibodies were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Anti-Lamin B, anti-b-actin monoclonal antibodies were purchased from Proteintech Group Inc. (Boston, MA, USA), and HRP-conjugated goat anti-rabbit and goat anti-mouse antibodies were provided by GE Healthcare (Buckinghamshire, UK). All other chemicals were of reagent grade. Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
Animals and experimental design
Blood sample was collected stationary for one night at 4 C.
Then the serum was isolated aer centrifugation at 3000 rpm for 10 min at 4 C. The ALT and AST levels in serum were determined by test kits purchased from Jiancheng Bioengineering Institute of Nanjing according to the instructions.
ELISA assays
According to previous study, the blood was collected for measuring TNF-a, IL-1b, IFN-g, and IL-6 at 3 h aer LPS/D-GalN injection. Then the serum was parted from blood by centrifugation at 3000 rpm at 4 C for 10 min. These cytokines were measured by using mouse enzyme-linked immunosorbent assay (ELISA) kits (Biolegend) on the base of the manufacturer's instructions.
Liver histology analyses
Liver tissues were xed in 10% neutral buffered formalin, dehydrated and embedded with paraffin, and then sliced into 4 mm-thickness sections. Liver tissue sections were deparaffinized, rehydrated and stained with hematoxylin and eosin (H&E) to evaluate the liver tissue pathology.
Biochemical analyses
All of the mice were sacriced at 3 h aer LPS/D-GalN treatment, and mice liver tissues were homogenized and dissolved in extraction buffer to analyze the GSH, ROS, MPO, and SOD levels according to the manufacturer's instructions. MPO has ability of reducing hydrogen peroxide, by which we can determine the activity of MPO and the number of neutrophil granulocytes. Aer the hydrogen donor offered hydrogen, a yellow compound was created. Determine the amount at 460 nm by colorimetry, so MPO activity levels were known. All results were normalized by the total protein concentration in each sample. The liver homogenate SOD levels were quantied using an SOD activity kit, which is a sensitive kit using WST-1 that produces a watersoluble formazan dyeupon reduction with superoxide anion. The rate of the reduction with a superoxide anion is linearly related to the xanthine oxidase (XO) activity and is inhibited by SOD. Therefore, the inhibition activity of SOD can be determined by a colorimetric method. These results were also normalized by the total protein concentration in each sample. GSH is a kind of low-molecular-weight free radicals scavenge, which could clear O 2 
Western blot analysis
Liver tissue samples were grinded by tissue grinder, the tissue homogenate lysed in Radio Immunoprecipitation Assay (RIPA) buffer containing 1 mM phenylmethanesulfonyl uoride (PMSF). Nuclear and cytoplasmic proteins of the liver tissues were extracted from livers by using Nuclear and cytoplasmic protein Extraction kit (beyotime, Beijing, China). Protein concentrations were measured using the bicinchoninic acid protein assay kit (Thermo Scientic, Rockford, IL, USA). Then 30 mg of proteins were transferred onto a polyvinylidene uoride (PVDF) membrane following separation on 12% SDS-polyacrylamide-gel. The membrane was blocked with 5% nonfat milk shaken continuously on the table for 2 h at room temperature. Then the membrane was incubated overnight at 4 C with 1 : 1000 dilution of primary antibodies. Then the membrane was incubated in a 1 : 5000 dilution of secondary antibodies conjugated to horseradish peroxidase at room temperature for 1 h and visualized by chemiluminescence (ECL) western blotting detection system and band intensities were quantied using ImageJ gel analysis soware.
Statistical analysis
All data were expressed as mean AE SD. The statistical analysis was performed by the two-tailed Student's t-test and one-way ANOVA using the GraphPad Prism 6.0 soware. Statistical signicance was accepted at P < 0.05 or P < 0.01.
Results
Effects of SHK on the mortality of LPS/D-GalN treated mice
Acute liver injury had a high death rate in mice; therefore, we assessed SHK on LPS (30 mg kg 
Effects of SHK on LPS/GalN-induced serum ALT and AST levels in mice
In order to investigate the effects of SHK on LPS/D-GalN-induced liver damage, we evaluated the effects of SHK on LPS/D-GalNinduced hepatotoxicity. Thus the serum was collected for detecting ALT and AST levels. As is shown in Fig. 1C and D, SHK (12.5 mg kg
À1
) did not affect the levels of serum ALT and AST compared to the control group. However, LPS/D-GalN dramatically increased the serum AST and ALT levels, whereas SHK (12.5 and 25 mg kg
) reduced these increases in a dose-dependent manner. The decreasing enzyme of evidence indicates that SHK could reduce LPS/D-GalN-induced hepatotoxicity.
Effects of SHK treatment on LPS/D-GalN-induced MPO, ROS, SOD and GSH production in mice
Next, we investigated whether SHK protected against hepatotoxicity by mitigating oxidative stress. Our results showed that SHK (12.5 and 25 mg kg À1 ) treatment reduced the ROS and MPO levels ( Fig. 2B and C) and markedly enhanced the GSH and SOD levels ( Fig. 2A and D) , which play critical roles in protecting against LPS/D-GalN-induced inammatory and oxidative stress, suggesting that SHK could inhibit the capacity of oxidative stress, such as ROS, SOD, and GSH. Furthermore, SHK also decreased inammatory effects by MPO levels.
Effects of SHK in decreasing inammatory responses and hepatotoxicity on LPS/D-GalN-induced acute liver injury
The study of liver injury is closely connected with the release of proinammatory cytokines, including TNF-a, IL-1b, IL-6, and IFN-g. The levels of serum TNF-a, IL-1b, IL-6, and IFN-g were measured by ELISA. As is shown in Fig. 3A , SHK (12.5 mg kg
À1
) did not affect the levels of serum TNF-a, IL-1b, IL-6, and IFN-g compared to the control group. However, LPS/D-GalN-treated group signicantly increase pro-inammatory cytokines than that of the control group. Before 1 h LPS/D-GalN simulation, SHK (12.5 and 25 mg kg
) was injected to mice. SHK pretreatment dramatically inhibited the release of these pro-inammatory cytokines compare to the LPS/D-GalN group in a dose-dependent manner. Furthermore, we checked the extent of liver injury to conrm the protective effects of SHK. As is shown in Fig. 3b , the mice treated with LPS (30 mg kg
) and D-GalN (600 mg kg À1 ) showed severe intrahepatic hemorrhage and necrosis, and SHK (12.5 and 25 mg kg À1 ) treatment ameliorated these changes ( Fig. 3c and d) . In addition, SHK (12.5 mg kg
) only treatment has no more change than that of normal liver (Fig. 3a and e) . These results suggested that SHK effectively protected against LPS/D-GalN-induced hepatotoxicity and inammatory responses.
Effects of SHK treatment on LPS/D-GalN-induced MAPK activation in mice
MAPK pathways play a vital role in the inammatory course and are activated by the release of pro-inammatory cytokines, including TNF-a, IL-1b, IL-6, and IFN-g. Thus, we checked whether SHK was associated with the MAPK pathways on LPS/DGalN-induced acute liver injury. As is shown in Fig. 4 ) did not stimulate MAPK family phosphorylated.
Effects of SHK treatment on LPS/D-GalN-induced NF-kB activation in mice
Because the NF-kB signaling pathway is one of typical inam-matory pathways, we investigate the effects of SHK treatment on LPS/D-GalN-induced NF-kB activation. As is shown in Fig. 5 , LPS/ D-GalN aggravated phosphorylation of NF-kB and IkB compared to the control group. Compared to the LPS/D-GalN-stimulation group, 12.5 and 25 mg kg À1 of SHK pretreatment decreased IkBa phosphorylation and degradation and inhibited the phosphorylation of NF-kB (p65) in a dose-dependent manner. ) were injected for 3 h (n ¼ 5/ group). Then, the serum levels of ALT and AST were measured, as shown.
##
Effect of SHK on LPS/D-GalN-induced Nrf2 protein expression in mice
Nrf2 regulates the expression of antioxidant proteins that protect against oxidative damage triggered by injury and inammation. Consequently, we investigated whether SHK could induce Nrf2 protein change in nucleus and cytoplasm. As is shown in Fig. 6 , we found that only treatment of SHK (12.5 mg kg À1 ) group could elevate rate of Nrf2 protein nuclear translocation compared to the control group. In addition, the release of the nuclear proteins Nrf2 was also activated by SHK (12.5 and 25 mg kg À1 ) in LPS/D-GalN-induced liver damage. Whereas, the LPS/D-GalN simulation group had a little decline compared to the control group and there were no obvious changes. Furthermore, SHK (12.5 and 25 mg kg À1 ) administration increased the expression and nuclear translocation of Nrf2.
Effects of SHK treatment on HO-1, Nqo1, Gclc, and Gclm protein expression in mice When Nrf2 developed nuclear translocation, important upstream gene of antioxidant enzymes for ARE-driven also increase, including HO-1, Nqo1, Gclc, and Gclm. Previous experiment found that SHK induced Nrf2 activation. So, we examined HO-1, Nqo1, Gclc and Gclm protein expression. HO-1 is essential for inhibiting inammatory responses. We examined whether the SHK elevated HO-1 expression and enhanced the resistance of LPS/D-GalN-induced inammatory damage. As is shown in Fig. 7 , we found LPS/D-GalN could inhibit HO-1 expression in mice. In addition, Nqo1, Gclc, and Gclm were also blocked due to LPS/D-GalN induced oxidative and inam-matory damage. We next veried whether SHK improved HO-1, Nqo1, Gclc, and Gclm expression. Our western blot results indicated that LPS/D-GalN treatment reduced the protein expression of HO-1, Nqo1, Gclc, and Gclm, but pretreatment with SHK repaired these changes.
Discussion
In recent years, LPS/D-GalN-induced acute liver injury has been described as xenobiotic induced by hepatotoxicity and oen used for screening anti-hepatotoxic or hepatoprotective agent. The LPS/D-GalN induced acute liver injury is similar to that of viral hepatitis. 29, 30 Nevertheless, liver injuries induced by other substances, such as CCL4, concanavalin A, and acetaminophen, are all different from viral hepatitis. There is urgent necessity for the search of safe and effective hepatoprotective agent of viral hepatitis. LPS/D-GalN also can induce high level of oxidative stress and alter liver biomarker enzymes.
31 LPS/D-GalN improves the release of inammatory cytokines and which leads to endotoxemia; thus it causes fulminant hepatitis.
32 DGalN plays a critical role in impairing ionic pumps, which enhances damage sensibility in the calcium pumps and results in cell damage. 30 These evidences certify LPS/D-GalN-induced acute liver injury is closely associated with inammatory and oxidative stress. These may be one point of penetration for preventing liver damage.
Over release of reactive oxygen species (ROS) can cause oxidative stress, and inict lipids, proteins, and DNA damage that destroy essential cellular macromolecules. These damage results in several human diseases, including cancer, inam-mation, rheumatoid arthritis, atherosclerosis, and neurodegenerative diseases. 33 Previous reports certied that LPS/D-GalN exposure could lead to oxidative stress by increasing ROS formation. ROS is associated with liver damage and chronic disease development. 34, 35 Therefore, accelerating the clearance of ROS and oxidative stress inhibition may play critical roles in protecting against various diseases. GSH, a powerful antioxidant, cofactor, and coenzyme, has an important effect in being closely involving in the clearance of ROS. 37 Our experiment revealed that SHK could improve GSH production and inhibit the release of ROS. Furthermore, the overproduction of Gcl enhances total GSH contents, including Gclc and Gclm, and protects against H 2 O 2 -induced cell death in human granulose tumour cells. 36 Meanwhile, Nqo1 is a prototypical Nrf2 target gene that catalyzes the reduction and detoxication of highly reactive quinones that can cause redox cycling and oxidative stress.
38 Previous research has reported that induction of Nqo1 is mediated solely through the Keap1/Nrf2/ARE. 39 For example, previous reports showed that syringin treated fulminant hepatic failure induced by D-galactosamine and lipopolysaccharide through increasing the release of GSH levels. 40 Hence, the purpose of this study was aimed at investigating the antioxidant effect of SHK through reducing oxidant-induced liver damage in mice. Our experiment revealed that SHK enhanced Nrf2 expression by activating Nqo1, Gclc, and Gclm proteins expression.
As a nuclear translation factor, the activation of Nrf2 will result in the induction of many cytoprotective proteins, including HO-1, Nqo1 Gclc, and Gclm. However, based on these observations, we next veried whether SHK could change Nrf2 and HO-1 protein expression on LPS/D-GalN-induced liver injury. HO-1 is a Nrf2 target gene that has been shown to protect from a variety of diseases, including sepsis, hypertension, atherosclerosis, acute lung injury, kidney injury, and pain.
41
HO-1 is an enzyme that catalyzes the disassociation of heme into the antioxidant biliverdin and resists cell oxidative damage. Our western blot results indicated that different concentrations and exposure periods of SHK treatment obviously augmented HO-1 induction in mice liver. Furthermore, LPS/D-GalN stimulation dramatically inhibited HO-1 protein expression. For purpose of investigating the transcriptional activation of Nrf2, we detected Nrf2 induction in nucleus and cytoplasm. In this research, we found that SHK treatment increased Nrf2 protein expression in liver. Moreover, SHK treatment markedly promoted the nuclear translocation of Nrf2 and was directly proportional to the decrease in the cytoplasm of Nrf2. There were a lot of evidences that SHK attenuated oxidative damage on LPS/D-GalN-induced acute liver damage through activating Nrf2 expression.
Previous study has reported oxidative stress and inamma-tion are closely linked. 33 Strong oxidative damage can cause subsequent inammatory occurrence. So we investigated ). At 1 h after the administering of SHK, the mice were injected with LPS/DGalN. After 3 h, liver tissue homogenates were analyzed by western blot. Quantifications of the relative expression of P-JNK1/2/T-JNK1/2, P-ERK1/2/T-ERK1/2 and P-p38/T-p38.
## p < 0.01 vs. the control group; **p < 0.01 vs. the LPS/D-GalN group. ) injected. After 3 h, the liver tissue homogenates were analyzed by western blot. Quantifications of IkBa, P-IkBa, and P-NF-kB (p65) expression were normalized than that of b-actin. Typical data were obtained in three independent experiments, and one of the three representative experiments is shown. ) and D-GalN (600 mg kg À1 ) injected. After 3 h, the nuclear and cytoplasmic levels of Nrf2 were checked by western blot. Quantifications of the relative expression of nucl-Nrf2/cyto-Nrf2. All of the data were presented as means AE SD of three independent experiments.
whether LPS/D-GalN could break out inammatory mediators in mice, including TNF-a, IL-1b, IL-6, and IFN-g. We found that LPS/D-GalN signicantly improved the release of inammatory cytokines, but pretreatment with SHK alleviated this adverse outcome. NF-kB, an essential regulatory transcription factor protein, is primarily activated by TNF-a, IL-1b, and IL-6.
42 Activation of NF-kB is accompanied by IkB phosphorylation and subsequent degradation by kinase (IKK). On dissociation from the inhibitor IkBa, NF-kB can enter into the nucleus and promote the expression of pro-inammatory mediators, such as TNF-a, IL-1b, and IL-6. 43 Thus, in order to exploring inam-matory effect, the ratio of phospho-IkBa and phosphop65 was detected by western blot. These results showed that SHK markedly inhibited the phosphorylation and subsequent dissociation of IkBa and suppressed NF-kB (p65) phosphorylation. Furthermore, mass reports have conrmed that MAPKs, three kinds of signaling molecules that include p38, ERK1/2 and JNK1/2, play a critical role in pro-inammatory process.
44
JNK1/2, ERK1/2 and p38 phosphorylation are chief factors for the adjustment of inammatory cytokines expression. 45 Various cytokines could stimulate MAPK activation, such as TNF-a. In addition, as a signal pathway connector, phosphorylation of MAPK could induce IkBa degradation and NF-kB activation by phosphorylation intrusion nucleus, and subsequently induced inammation. Moreover, previous studies have reported that Nrf2-dependent HO-1 has an impact on lipopolysaccharide (LPS)-mediated inammatory responses in RAW264.7 or mouse peritoneal macrophage-derived foam cell macrophages. Nrf2/ HO-1 plays a major role in anti-inammatory function. 46 Our results suggested that SHK signicantly depressed MAPK and NF-kB on LPS/D-GalN-induced acute liver injury. On the side, SHK maybe mediated by activating Nrf2 and lead to the inhibition of NF-kB signaling.
Conclusion
In conclusion, our ndings revealed that Shikonin (SHK) treatment effectively prevented LPS/D-GalN-induced death in mice. SHK induced the expression of GCLC, GCLM, HO-1 and NQO1, which was largely dependent on the upregulation of the Nrf2 signaling pathway. SHK also inhibited MAPK and NF-kB phosphorylation, thereby protected mice against LPS/D-GalNinduced oxidative stress and inammatory damage. These events were not only connected with reduced ROS production and MPO formation but also increased the SOD and GSH levels. In the future, combination therapies with anti-oxidative and anti-inammatory effects, may be a good strategy that effectively abolish LPS/D-GalN hepatotoxicity. Hence, SHK might contribute to the treatment of virus hepatitis.
